ied terrestrial basalts (Chapelle et al., 2002) , and seafloor basalts (Lin et al., 2014) .
Bacterial sulfate reduction has been well studied in the subseafloor environment (e.g., Blazejack & Schippers, 2011; Leloup et al., 2007 Leloup et al., , 2009 ; Lever et al., 2013; Robador et al., 2015; Webster et al., 2006) , demonstrating SRB activity scales with sulfate concentration. Where sulfate is limiting or absent, lower energy redox reactions, such as methanogenesis occur. Methane can diffuse upwards in the subseafloor to overlap with porewater sulfate profiles; this overlap has been termed the "sulfate-methane transition zone" (SMTZ; D 'Hondt, Rutherford, & Spivack, 2002; Parkes et al., 2005) . SMTZs represent a zone where relative microbial activity and cell counts are observed to increase (Biddle, House, & Brenchley, 2005; Parkes et al., 2005) . Within SMTZs, a syntrophic microbial relationship involving sulfate-reducing bacteria (SRB) and methane-oxidizing archaea (ANMEs) works to oxidize methane anaerobically (AOM) via coupling to sulfate reduction (e.g., Devol & Ahmed, 1981; Harrison, Zhang, Berelson, & Orphan, 2009; Hinrichs, Hayes, Sylva, Brewer, & DeLong, 1999; Krukenberg et al., 2016; Orphan et al., 2001) . The depth of the overlying seawater has an indirect relationship with the subseafloor depth of SMTZs.
In some cases, the persistence of particulate organic matter in deep water indirectly leads to deeper downward sulfate infiltration into subseafloor sediments (D'Hondt et al., 2009; Parkes et al., 2014) .
International Ocean Discovery Program (IODP) researchers have
also documented upward migration of sulfate from the oceanic basement aquifer into overlying sediments (e.g., D'Hondt et al., 2004; Engelen et al., 2008; Torres et al., 2015) . Studies at (I)ODP Sites 1229 (Peru Margin accretionary wedge), 1026 (Juan de Fuca Ridge), U1301
(Juan de Fuca Ridge flank), U1381 (Osa Peninsula, Cocos Ridge incoming sea plate), and C0012 (Nankai Trough subducting oceanic plate) showed that seawater has been recirculated upwards into overlying sediments through weathered oceanic basalt (e.g., Cowen et al., 2003; D'Hondt et al., 2004; Engelen et al., 2008; Harris et al., 2013; Torres et al., 2015) . Subducting seafloor represents a complex fluid flow system through basement and overlying sediments, driven by pressures generated on the descending plate and effects from basement topography (Edwards, Wheat, & Sylvan, 2011) .
The upward diffusion of sulfate, from seawater circulating through the basement aquifer (i.e., oceanic basalt) into overlying sediments, may influence the establishment of SMTZs. Seawater transmitted across the subseafloor sediment-basement interface (SBI; Ziebis et al., 2012) may foster SRB activity below the SMTZ.
Recently, IODP Expedition 336 installed Circulation Obviation
Retrofit Kit (CORK) observatories at North Pond (Mid-Atlantic Ridge) to study microbial responses to deep hydrogeological circulation (Edwards, Bach, & Klaus, 2014) . Previous dsr studies on basement fluids at the Juan de Fuca Ridge flank have revealed SRB communities dominated by Desulfobacterales (Robador et al., 2015) and the deeply branching "Cluster IV" group (Lever et al., 2013) .
Phylogenetic studies on very deep subseafloor sulfate reduction zones are restricted to Site 1229 (Biddle et al., 2005; Orsi, Edgcomb, Christman, & Biddle, 2013; Orsi, Jørgensen, & Biddle, 2016; Parkes et al., 2005) and Site U1301 (Engelen et al., 2008; Fichtel, Mathes, Könneke, Cypionka, & Engelen, 2012) , at ~30 and ~90 mbsf and at ~70 and ~125 mbsf, respectively. These studies reveal the dominance of Desulfitobacterium at Site 1229 (Orsi et al., 2016) and various species, including Desulfovibrio, at Site U1301 (Fichtel et al., 2012) . Torres et al. (2015) document two sulfate reduction zones at Core 322-C0012A on the subducting Philippines plate, at depths of ~300 and ~480 mbsf. The second sulfate zone was characterized by higher temperature (>55°C) and salinity (>38 PSU), lower organic carbon content (<0.3 wt%), and seawater-derived sulfate (Saito, Underwood, & Kubo, 2010; Torres et al., 2015) . Although Torres et al. (2015) used 16S rRNA gene sequencing to document the dominance of Deltaproteobacteria, the phylogenetic diversity and metabolic functionality of SRB here remain unknown.
In this study, we evaluated the diversity, phylogeny, and functionality of SRB in the sulfate reduction zones described by Torres et al. (2015) , with high-throughput sequencing of the dissimilatory sulfite reductase (dsr) gene. Characterization of the SRB communities is presented here in the context of physiochemical parameters such as sulfate flux, temperature, salinity, and availability of organic carbon. Our results illuminate a deeply buried SRB community rejuvenated by basement seawater recirculation and describe a potential role for aero-tolerant Desulfovibrio spp. Our data support the interpretation that bacterial reduction of sulfate from hydrogeologically recirculated seawater can explain the observed concentrations of methane in the lower sulfate zone (>480 mbsf).
| ME THODS

| Site description and sampling
The Nankai Trough is a subduction zone off the southwest coast of Japan with sediments from Shikoku Basin facies and overlying turbidites from the accretionary wedge. Geochemical and hydrological models suggest an up-dip migration of fluids along this zone (Saffer, 2010; Screaton, Kimura, Curewitz, Moore, & Chester, 2009) , and heat flow data reveal hydrothermal fluid circulation within the basement crust (Spinelli & Wang, 2008) . Core 322-C0012A, of the Nankai Trough, was drilled in 2009 by IODP, Expedition 322 (Saito et al., 2010) on the apex of the Kashinosaki Knoll (3,510 mbsf). A total of 561 m of sediment and basalt were recovered, including material from the SBI at 537.5 mbsf.
The exteriors of the whole-round core samples were cleaned of any drilling mud using a sterile spatula. Drilling fluid contamination was determined to be negligible (Saito et al., 2010) ; however, drilling mud was also sampled for DNA sequencing. When core recovery was sufficient, whole-round cores adjacent to interstitial water samples were taken for microbiological analysis; these were immediately sealed and capped in sterile tubes, sealed with electrical tape, placed in aluminum bags within sterile gas impermeable bags, and stored at −80°C. The 11 samples investigated in this study are from Cores 322-C0012-29R to -55R, recovered from depths of 312 mbsf to 548 mbsf.
The samples were segregated into four separate zones, based on the depths of the reaction zones proposed by Torres et al. (2015) .
These zones are included in Table 1 and annotated on Figure 1 .
Cores 322-C0012A-29R and -32R (322 mbsf and 340 mbsf) were placed into the first sulfate reaction zone (S1), which includes all sediments from the seawater-sediment interface (SSI) to 340 mbsf.
Cores 322-C0012A-35R, -40R, and -42R (367-434 mbsf) were classified by Torres et al. (2015) as a methane zone (Me1) or AOM zone.
Cores 322-C0012A-45R, -47R, -48R, and -49R (463 mbsf-500 mbsf) consisted of the samples from the second sulfate reaction zone (S2) down to the SBI at (537.5 mbsf). The lower zone consisted of basement crust (B1), which was represented by Cores 322-C0012A-53R (C) and -55R (537.5 mbsf and 548 mbsf).
| Geochemistry
Pore fluid sampling procedures and shipboard geochemical analyses were fully described by Torres et al. (2015) . Extracted water samples were analyzed for salinity, sulfate, and major cation concentrations.
Concentrations of methane and other hydrocarbons were also measured. Hydrogen in interstitial water was measured using the incubation method headspace equilibrium technique (as previously described by Lovley & Goodwin, 1988) F I G U R E 1 Modified concentration profiles of dissolved chemical species derived from Torres et al. (2015) and total organic carbon (TOC) and hydrogen data were sourced from Saito et al. (2010) for Site 322-C0012A. MiSeq sequencing depths for this study are included on the y-axis as black arrows. Plot (a) displays pore fluid chemistry profiles for sulfate, sulfide, and methane. Plot (b) shows salinity and total organic carbon (TOC). Plot (c) displays H 2 in interstitial water, derived using the headspace equilibrium technique. The black markers represent the three replicates at each depth and the red circles indicate averages. The most favorable electron acceptors (derived from Lovley & Goodwin, 1988; Lovley et al., 1994) are included on the x-axis. The black dashed lines across all plots represent the approximate separation of each reaction zone; sulfate reduction zone 1 (S1; light blue), methanogenesis zone 2 (Me1; purple), sulfate reduction zone 2 (S2; dark blue), and basement basalt (B1) [Colour figure can be viewed at wileyonlinelibrary.com] O 2 -and H 2 -free gas phase. After initial analysis, samples were incubated and H 2 concentrations in the gas phase were monitored as a time series. Detailed description of protocols used for shipboard analyses is given by Saito et al. (2010) . where D o was assumed to be 2.01 × 10 −6 (m 2 /hr; Iversen & Jørgensen, 1993) , n = 2 for sandy sediments and n = 3 for clay-silt sediments (Iversen & Jørgensen, 1993) . 
| Calculation of SO
| Nucleic acid extraction and amplification
Eleven samples were selected from Site 322-C0012A (Table 1) Particles were then ground to a powder and placed in sterile 10 ml collection tubes.
All samples (sediment, basement basalt, and drilling mud) were extracted using the PowerMax ® Soil DNA Isolation Kit (Mo Bio).
Triplicates of gDNA were extracted from approximately 10 g of sample and pooled onto one spin filter. The final elution step used 3 ml of elution buffer to increase DNA concentrations. Furthermore, the 3 ml of gDNA was then concentrated into 100 μl using the DNA Clean and ConcentratorTM-5 Kit, Zymo Research. Negative control extractions containing no sample were performed alongside the sample extractions. A rotary heating cycle (65°C for 30 min) replaced an extended 10 min mechanical bead-beating step, as suggested by the commercial kit protocol, to avoid further mechanical cell destruction, as all samples were previously crushed or fragmented during the sample preparation explained above.
| Whole genome amplification
Seven sediment samples and two basement basalt samples were chosen for multiple displacement amplification (MDA) prior to functional gene amplifications. This method has been previously shown to amplify function genes from subsurface samples (Cockell et al., 2012; Robador et al., 2015) . Previous attempts to PCR functional genes before MDA were unsuccessful. The amplification of gDNA and negative control extractions were completed using a Qiagen REPLI-g ® Midi kit, following the manufacturer's protocol. Two replicates were run for each sample, as well as a negative control (no sample) and a positive control from the Human DNA control Kit to scrutinize the Qiagen REPLI-g ® Midi kit and the previous negative control from the gDNA extractions. All samples were then purified with the QIAquick PCR Purification Kit (Qiagen).
| PCR and sequencing
Primers selected for 16S rRNA gene and functional gene amplification are listed in Supporting Information Table S1 . All primers were modified to include partial Illumina-adapter at the 5′ end. The 16S rRNA gene amplification was performed using NEBNext high fidelity PCR master mix (NEB, Ipswich, MA) as per the manufacturer's instructions. Unamplified gDNA and MDA gDNA were used as DNA templates for the Site C0012 16S rRNA genes, and the negative gDNA extraction sample was also sequenced. For the amplification of functional genes, the PCR reaction mixtures with a final volume of 50 μl contained: 5 μl of 10X Platinum Taq Buffer (Invitrogen), 2 μl of MgSO 4 (50 mM), 2 μl dNTPs (10 mM), 2 μl each of primer (10 μM), 0.4 μl (2 units) of Platinum Taq High Fidelity Polymerase (Invitrogen), 1 μl of bovine serum albumin, and 1 μl of purified whole genome amplified DNA template. A nested PCR, with a second-stage multiplex PCR, was performed according to the method of Lever et al. (2013) for one of the two dsrB gene libraries. The PCR products were gel extracted and purified (0.8X Vol.) using QIAquick gel extraction kit (Qiagen, Halden, Germany) and AmpureXP beads (Beckman Coulter, Brea, CA), respectively. The purified products were subsequently converted into Illumina-compatible and barcoded libraries through a second PCR amplification using Nextera dual index barcode primers
(Illumina, San Diego, CA). Library quantification was performed using KAPA Library Quantification Kit (KAPA Biosystems, Capetown, South Africa) and Illumina Eco Real-Time PCR machine (Illumina, San Diego, CA). The amplicons were then normalized, pooled, denatured, and sequenced on the Illumina MiSeq platform (Illumina, San Diego, CA) located at the Monash University Malaysia Genomics Facility, using a run configuration of 2 × 250 bp pair-end run.
| Sequence data processing and analysis
The 16S rRNA gene sequences from Core 322-C0012A and drilling mud were analyzed using the software package mothur version 1.36.1 (Schloss et al., 2009) . Known sequencing artifacts were removed prior to aligning sequences against the SILVA database (release 119), followed by removal of chimeras using the UCHIME algorithm with the de novo method (Edgar, Haas, Clemente, & Knight, 2011 ; <4% per sample) and clustering of sequences into 97% similarity threshold operational taxonomic units (OTU). Unaligned sequences, mitochondria, unknown sequences, and eukaryotes were removed. Classifications were made with a confidence interval of >80% using the Bayesian Classifier Method (Wang, Garrity, Tiedje, & Cole, 2007) . Total 16S rRNA gene sequences from Core 322-C0012A were normalized to the lowest total sequence sample Core 322-C0012-48R (490 mbsf) of 85,408 to allow for relative abundances to be reported. Potential SRB were separated from the total microbial community using the mothur function get.lineage. The list of "potential SRB" was generated by isolating the 16S rRNA genes that matched known SRB phylotypes or unclassified lineages back as far as family level. Potential SRB sequences were subsampled to the lowest total SRB community at 125 sequences (Core 322-C0012-53R (C); 538 mbsf) using the sub.sample function in mothur.
The dsr amplicon sequences were checked for quality on FastQC (Andrews, 2010) and trimmed of the Nextera adapter using Trimmomatic (Bolger, Lohse, & Usadel, 2014) . Trimmed amplicons were de-noised using mothur version 1.36.1 (Schloss et al., 2009 ) and screened for unique sequences; chimeras were removed using the UCHIME algorithm (Edgar et al., 2011) , and the final sequences were clustered into 98% similarity OTUs. A 98% identity threshold compared to known taxa was selected, as dsr sequences were short (221-390 bp) and 97% similarity was not enough to separate sequences into multiple OTUs. Identity matches were assigned through BLAST and dsrB OTUs with the highest match percentage (except for dsrA exclusive matches) were used as representative sequences from each phylogenetic group.
The dsrB amplicons (347-390 bp) were longer than dsrA (221 bp; Supporting Information Table S1 ), and therefore, produced more accurate matches to online dsr sequences.
| Statistical analyses of 16S rRNA genes
Simpson diversity indices were calculated in mothur, using the normalized potential sulfate reducer 16S rRNA gene data, to reveal diversity changes with depth. A t test was conducted on the Simpson diversity indices, to see if the results were statistically significant.
Similarity of assigned OTU across the four reaction zones was analyzed in mothur using the dist.shared command and dissimilarity calculator, thetayc. Unweighted Unifrac statistical analyses were then calculated, using the unifrac.unweighted command, to compare statistically the OTUs across each reaction zone.
| Phylogenetic tree construction
Potential 16S rRNA genes derived from SRB OTUs (>0.1% total sequences) were chosen as representative sequences for phylogenetic analysis. The sequences were imported into MEGA6 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013) , alongside known 16S rRNA genes sourced from the NCBI database. Environmental sequences were selected for the database based on their similarity matches to Site 322-C0012A amplicon sequences, determined through BLASTN (Altschul, Gish, Miller, Myers, & Lipman, 1990 ).
The 25 most abundant 16S rRNA gene OTUs from the drilling mud (>0.5% total sequences) were included in a separate phylogenetic tree, alongside their closest known relatives, also determined in BLAST. All sequences were aligned using the MUSCLE Large Alignment algorithm (Edgar, 2004) ; larger database sequences were trimmed to the size of their corresponding amplicon sequences from this study. Maximum Likelihood phylogenetic trees with 1,000 bootstraps were built in MEGA (Tamura et al., 2013) , and phylotype clusters were identified.
The most abundant dsrA and dsrB OTUs (>0.01% total sequences) were chosen as representative sequences for phylogenetic analysis.
The dsrA and dsrB sequences of recognized SRBs (Friedrich, 2002; Klein et al., 2001; Zverlov et al., 2005) and uncultured SRBs, available through the National Center for Biotechnology Information (NCBI) database, were used to compile a dsr reference database. Uncultured SRBs were selected based on similarity matches to Site 322-C0012A amplicon sequences (determined through BLASTN; Altschul et al., 1990) and their subseafloor origin. All sequences were imported into MEGA6 (Tamura et al., 2013) and aligned using the MUSCLE Large Alignment algorithm (Edgar, 2004) . Larger database sequences were trimmed to the size of their corresponding amplicon sequences from this study, and DNA sequences were translated to amino acid sequences. Maximum Likelihood phylogenetic trees with 1,000 bootstraps were built in MEGA (Tamura et al., 2013) , and phylotype groups were identified. The dsrA and dsrB phylogenetic trees were rooted to Thermodesulfovibrio yellowstonii (U58122).
| RE SULTS
| Geochemistry
Sulfate, methane, and salinity are presented in Figure 1 and discussed in Saito et al. (2010) and Torres et al. (2015) . Torres et al. (2015) identified two SMTZs, based on the geochemical profiling, calculated theoretical AOM rates, and described the distribution of microbial functional guilds: an upper zone (S1) from 0 to 340 mbsf and a lower sulfate zone (S2) from >480 mbsf to the SBI (538 mbsf). Calculated sulfate diffusive fluxes ranged between 5.42-8.95 × 10 −3 mmol cm −2 year −1 in S1 and from −1.14 to −1.46 × 10 −4 mmol cm −2 year −1 in S2 (Supporting Information Table S2 ), with porosities averaging 0.55 ± 0.03 in S1 and 0.38 ± 0.01 in S2 (Saito et al., 2010) . These F I G U R E 2 Maximum Likelihood phylogenetic tree of dsrA sequences within Site 322-C0012A. Nucleotide sequences >0.1% relative abundance were clustered into OTUs (>98% similarity) and translated into amino acid sequences for phylogenetic comparison to known SRB using the Maximum Likelihood method based on the JTT model (Jones, Taylor, & Thornton, 1992) . Amplicon sequences from this study are included in bold with light blue as sulfate zone 1, purple representing the methane zone, dark blue as sulfate zone 2, brown as basement, and black indicating a combination of more than one zone. Sequences with an asterisk show the OTUs with the highest relative abundance (for relative abundance data, refer to Supporting Information Table S3 values appear similar to other subseafloor sulfate fluxes, reported in Supporting Information Table S2 . Total organic carbon (TOC) generally decreased with depth; however, notable levels of 0.61-1.18 wt% were detected in Me1, from ~400 mbsf to 450 mbsf (Figure 1b) . Saito et al. (2010) indicate these increases were sourced from organic-rich terrestrial material within turbidites of Unit V. Dissolved hydrogen F I G U R E 3 Maximum Likelihood phylogenetic tree of dsrB sequences within Site 322-C0012A. Nucleotide sequences >0.1% relative abundance were clustered into OTUs (>98% similarity) and translated into amino acid sequences for phylogenetic comparison to known SRB using the Maximum Likelihood method based on the JTT model (Jones et al., 1992) . Amplicon sequences from this study are included in bold purple representing the methane zone, dark blue as sulfate zone 2, and black indicating a combination of more than one zone. S1 zone hosts a low relative abundance of dsrB and only shares OTUs with other zones. Sequences with an asterisk show the OTUs with the highest relative abundance (for relative abundance data, refer to Supporting Information Table S4 ). Phylogenetic groups were assigned based on clear OTU clusters. The percentage of trees in which the associated taxa clustered together after 1,000 re-samplings is shown next to the branches as bootstrap values. The analysis involved 85 amino acid sequences with a total of 161 positions in the final data set. Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013) [Colour figure can be viewed at wileyonlinelibrary.com] concentrations averaged 0.51 ± 0.14 nM-0.96 ± 0.26 nM across S1
and Me1 ( Figure 1c) ; one depth in S2 showed a concentration of 1.52 ± 0.26 nM.
| Diversity of sulfate-reducing prokaryotes
Analysis of 16S rRNA gene sequences revealed the lowest diversity of known (or closely related) SRB was found at the SBI (Table 1) . T tests revealed a difference in SRB diversity between the two zones of higher sulfate concentrations; however, this difference was not statistically significant (t = 1.27; p = 0.08). Unweighted UniFrac analysis showed that all zones (S1, Me1, S2 and B1) were statistically similar with respect to SRB 16S rRNA gene diversity (Supporting Information Table S5 ). The results of phylogenetic analysis are included in the supplementary data. were also included in the phylogenetic tree. Figures 2 and 3) . Two groups were present across both dsr phylogenetic trees (Groups 1 and 2).
| Diversity of drilling mud
| Phylogeny of functional genes
The dsrB phylogenetic tree was constructed from two different dsrB gene amplicon libraries, produced from two primer sets (Supporting Information Table S1 ; Geets et al., 2006; Lever et al., 2013) . The The two dsrB libraries were combined to produce a single phylogenetic tree. All dsr primers used in this study (Supporting Information   Table S1 ) showed no specific bias toward Desulfovibrionales or Desulfobacterales (Geets et al., 2006; Kondo, Nedwell, Purdy, & Silva, 2004; Lever et al., 2013) .
Group 1 (representative OTU dsrB 4 S1 Me1) was 93% related to an environmental clone from a salt marsh (KP992779) and 91% related to Desulfococcus multivorans (U58126). Group 1 consisted of one dsrA OTU from S1 and two dsrB OTUs from S1 and Me1.
Group 2 was most closely related to an ethanol-fed bioreactor clone (HQ640657) at 95% similarity and to a dsrB acid mine drainage clone (EU189158) at 97%. The closest known relative was Desulfovibrio aerotolerans (AY749039) at 93% similarity. Group 3, in the dsrA phylogenetic tree, showed two OTUs from S1 and Me1. These OTUs were grouped with environmental dsrA clones from a variety of environments. They were not closely related to any cultured SRB, though clustered with other Desulfovibrio spp.
( Figure 2 ). Group 4, in the dsrB phylogenetic tree, hosted two deeply branching OTUs from S1, Me1, and B1 that also grouped with other Desulfovibrio spp (Figure 3 ). Group 5, from the dsrB phylogenetic tree, showed 3 OTUs from Me1, S2 and B1, with up to 100% match (OTU dsrB 3 Me1) with a corroded harbor steel isolate (KF758357). The closest cultured relative was Desulfovibrio oxyclinae (AY626033) at 87% similarity.
Methane cycling genes (mcrA and pmoA) were not successfully amplified, except for mcrA from Core 322-C0012A-32R (340 mbsf;
Supporting Information Figure S1 ). This one depth contained amplicons belonging to OTU mcrA 1, 96% related to Methanosalsum zhilinae, an alkaliphilic, halophilic, methanogen (Mathrani, Boone, Mah, Fox, & Lau, 1988) .
| D ISCUSS I ON
In the deep subseafloor, microorganisms typically exhibit low metabolic activity (D'Hondt et al., 2002) . However, the transport of terminal electron acceptors in seawater flowing upward through basement rocks can, in principle, "revive" energetically limited microbial communities (DeLong, 2004) . At Site 322-C0012A, sulfate is transported upwards after seawater recirculation through the basement, ranging from a starting concentration of 7.91 mM at the SBI to a minimum of 1.22 mM at 340 mbsf (Saito et al., 2010) . Such geochemical profiles can only be found where sediments are depleted in organic carbon, as sulfate is then consumed at a slower rate (Engelen et al., 2008) . Notably, the observed hydrogen concentrations in Cores 322-C0012A-29R to -45R, 313 to 463 mbsf ( Figure 1c) were consistent with bacterial sulfate reduction as the terminal electron-accepting process in terrestrial sediments (Hoehler et al., 1998; Lovley & Chapelle, 1995) , aquatic sediments (Lovley & Goodwin, 1988) , subsurface groundwater aquifers (Lovley, Chapelle, & Woodward, 1994) , and subsurface lagoon sediments (Hoehler et al., 1998) . Lovley and Goodwin (1988) , and references therein, identified terminal electron-accepting reactions showed a specific range of hydrogen concentrations associated with them. For example, hydrogen concentrations required for Mn(IV)-reduction are <0.05 nM; Fe(III)-reduction, 0.2 nM; sulfate reduction, 1-1.5 nM; methanogenesis, 7-10 nM.
Simpson indices indicate a potential decrease in SRB diversity (16S rRNA gene-based) at the SBI (Table 1) , relative to that of zone S1. This occurred alongside decreases in availability/quality of dissolved organic carbon and sulfate flux and increases in salinity and temperature. However, statistical analysis (t test) suggests that the observed shift in diversity may not be significant (p = 0.08). Figure S1 ).
Groups 1 and 3 of the dsrA and dsrB phylogenetic trees were closely related to hypersaline environmental clones. Additionally, the single mcrA OTU from Core 322-C0012A-32R (~340 mbsf) was 96% related to Methanosalsum zhilinea, a haloalkaliphilic methanogen (Supporting Information Figure S1 ). However, the highest salinity at Core 322-C0012A reached a maximum of 41.3 PSU, indicating that these taxa may also be active at metahaline salinity values.
Furthermore, Methanosalsum zhilinea exhibits a maximum growth temperature of 45°C (Mathrani et al., 1988) , and its absence from the deeper sediments, with in situ temperatures of ≥63°C (Henry, Kanamatsu, & Moe, 2012) , suggests poor adaptation to higher temperatures or a lack of available nutrients.
Previous studies show that spore-forming Firmicutes can dominate microbial communities in the deep subseafloor (Cowen et al., 2003; Fichtel et al., 2012; Lomstein, Langerhuus, D'Hondt, Jørgensen, & Spivack, 2012) , as they are relatively resistant to temperature changes, salinity, desiccation, and changing redox conditions (Teske, 2006) . However, these bacteria were very low in abundance in Core 322-C0012A, except for two weakly supported
OTUs from Cluster K (Supporting Information Figure S2 ). We do not attribute this absence to the DNA extraction method, which replaced a bead-beating step (Bueche et al., 2013) with a temperature shock, in order to decrease DNA shearing. The combination of defrosting of −80°C samples to room temperature, physical disruption with a (sterile) hammer, powdering using a sterilized mortar and pestle set (Lysnes et al., 2004; Thorseth, Torsvik, Torsvik, Daae, & Pedersen, 2001 ) and heating to 65°C for 30 min, resulted in successful lysis of spores, including gram-positive spore-formers. Spore-forming bacteria were present in the total 16S rRNA gene library (Supporting Information Figure S3) ; however, these taxa showed no close phylogenetic relationship to SRB, except for Desulfosporosinus (0.04% relative abundance of total 16S rRNA gene-based SRB taxa). However, the pelagic clay at Core 322-C0012A is only 9.3 m thick (Saito et al., 2010) , and it is more likely that cells were transported through the basement aquifer, rather than downward through >400 m of sediments, as basement pillow basalts can be more permeable than subseafloor sediments (Spinelli, Giambalvo, & Fisher, 2004 Figure S4 ). Interestingly, Core 322-C0012A yielded dsrB
OTUs from Group 5 that matched with 100% similarity to an isolate capable of metal corrosion (KF758357; Marty, 2014) ; certain Desulfovibrio species have been observed to corrode metals anaerobically (Dinh et al., 2004; Fichtel et al., 2012; Pankhania, 1988) , a process postulated to be involved in the global bio-weathering of ocean basalts (Callot, Maurette, Pottier, & Bubois, 1987; Drewello & Weissmann, 1997) . Other OTUs from Group 2 clustered with
Desulfovibrio aerotolerans, suggesting a degree of tolerance for potentially more oxic recirculated seawater.
The observed prevalence of Desulfovibrionales-related dsr sequences differs from other oceanic basalt studies (Lever et al., 2013; Robador et al., 2015) . We rule out inherent primer bias, given the use of three separate primer pairs confirming the same result, but acknowledge that this finding does not preclude preferential amplification during MDA. Figure 3 includes the unclassified "Cluster IV"
group (e.g., Dhillon, Teske, Dillon, Stahl, & Sogin, 2003; Lever et al., 2013) ; however, this group is not closely related to OTUs from this study. These combined observations suggest that subseafloor basement SRB communities may be highly variable between sites.
Desulfovibrionales have been cultured from a variety of subsurface environments (e.g., Magot, Basso, Tardy-Jacquenod, & Caumette, 2004; Pedersen, Arlinger, Ekendahl, & Hallbeck, 1996; Sass & Cypionka, 2004) with in situ temperatures >60°C (Bale et al., 1997; Fichtel et al., 2015) , exceeding their optimum growth temperature of ~40°C. Cores 322-C0012A-29R to 322-C0012A-56R (313 mbsf-554 mbsf) were obtained from depths with in situ temperatures of 40-63°C (Henry et al., 2012 ). An in situ hydrostatic pressure of 5.4 MPa was calculated at the SBI of Core 322-C0012A (in situ interstitial fluid density value sourced from Guo & Underwood, [2014] 
| Predominant microbial metabolism
An increased availability of organic carbon in the methane zone corresponded to a decrease in sulfate and increase in sulfide (Saito et al., 2010) , suggesting an increase in activity of SRB. An influx of sulfate from crustal fluid diffusion at the SBI, and the presence of SRB in Me1 and S2, likely drove competition for available electron donors such as H 2 and acetate (Lovley, Dwyer, & Klug, 1982 ).
An influx of sulfate into methanogenic sediments could decrease methane and hydrogen concentrations to below levels that methanogens can effectively utilize (Lovley et al., 1982) . Supporting Information Figure S1 ), alongside the observed low relative abundance of methanogens in Me1 (16S rRNA gene data from Torres et al., [2015] ), further supports the likelihood of hydrogendependent sulfate reduction as the dominant metabolic reaction. Torres et al. (2015) concluded, on the basis of reactive-transport modeling, that sulfate reduction was coupled to methane oxidation in S2, albeit at low rates. Putative AOM syntrophic SRB that typically co-exists with syntrophic partners, for example, ANME methanogenic archaea (Orphan et al., 2001) , were identified (albeit at low relative abundance) in our 16S rRNA gene data (Supporting Information Figure S2 ). However, these SRB were absent from dsr sequences, and no ANME-related mcrA or pmoA sequences were recovered. However, we cannot rule out that novel methanotrophic phylotypes may have been present (e.g., Evans et al., 2015; Vanwonterghem et al., 2016) .
Alternatively, sulfate reduction coupled to oxidation of hydrogen is more energetically favorable for IODP Site C0012 (Rabus, Hansen, & Widdel, 2013; Schink, 1997) . Hydrogen could be sourced from in situ microbial fermentation (Lovley & Goodwin, 1988) , low temperature basalt alteration reactions (Cowen et al., 2003; Shock, 1992) , and radiolytic production (Dzaugis, Spivack, Dunlea, Murray, & D'Hondt, 2016) . Our 16S rRNA gene library showed the presence of fermentative bacteria (e.g., Clostridium), across all reaction zones (Supporting Information Figure S3 ). Crustal fluids are likely to be enriched in H 2 from mineral hydrolysis reactions and water radiolysis from basement alteration. Core 322-C0012A OTUs were closely related to SRB (Desulfovibrio spp.) capable of using H 2 (with acetate as a carbon source), as well as various other organic compounds as electron donors (Mogensen, Kjeldsen, & Ingvorsen, 2005) .
In summary, the depth-dependent distribution of sulfate at
Core 322-C0012A likely resulted from low metabolic activity due to low organic carbon availability and slow upward sulfate fluxes.
The dsr phylogeny and measured H 2 levels support the presence of active SRB in subseafloor sediments overlying basement basalt in the Nankai Trough region of the subducting Philippines Sea Plate.
Desulfovibrionales appeared to comprise the dominant SRB taxa at this site, potentially revealing a degree of adaptation to local environmental conditions of increased oxygen levels and higher temperature. Although AOM may have been occurring at low rates, sulfate reduction coupled to H 2 oxidation was likely the predominant metabolic reaction at depths with increased sulfate levels from seawater recirculated through the oceanic basement.
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